INTRODUCTION
The family Bacteroidaceae comprises obligately anaerobic, nonsporeforming, gram-negative rods classified into the genera Bacteroides, Fusobacterium, and Leptotrichia. Their habitat is the mucous membranes of humans and animals. In the lower intestinal tract they are the predominant microbial form.
This review will discuss the serology of this important group of bacteria-in particular, studies carried out during recent years. Most of the work in this field has been done on the species isolated most often from anaerobic infections in man, viz., the B. fragilis group of organisms (9), B. melaninogenicus, and F. nucleatum. Several studies have also been performed on F. necrophorum and B. nodosus, which are important animal pathogens (85, 109) .
ANTIGENS ISOLATED FROM BACTEROIDACEAE Cell Wall Lipopolysaccharides
Preparation. Extractions with aqueous phenol (125) have been used for extraction of lipopolysaccharides (LPS) from F. nucleatum (17, 34, 63, 78, 94) , F. necrophorum (36, 56, 90, 121) , L. buccalis (17, 42, 70) , B. fragilis (51, 54, 91, 92) , B. melaninogenicus (46, 55, 70) , B. oralis (14) , and some other Fusobacterium and Bacteroides species (48) . In most instances the LPS were purified from the water phase by ultracentrifugation. Knox and Parker (70) purified their LPS from the phenol phase. As an alternative to preparative ultracentrifugation, Hofstad (51) and Hofstad and Kristoffersen (55) tried to purify B. fragilis and B. melaninogenicus LPS from the water phase and from the supernatant fluid after ultracentrifugation of the water phase by different forms of chromatography. Kasper and Seiler (68) used treatment of whole bacterial cells with ethylenediaminetetraacetate for extraction of LPS from B. fragilis.
The LPS was separated from other ceH membrane components by chromatography through Sephadex G-100, using a disaggregating buffer for elution. The same method was used by Mansheim and Kasper (88) for isolation of LPS from B. asaccharolyticus (syn. B. melaninogenicus subsp. asaccharolyticus [31] ). Hofstad et al. (58) tried trichloroacetic acid and also ethylenediaminetetraacetic acid for extraction of LPS from B. fragilis, B. melaninogenicus, and B. oralis.
Electron microscopy of the LPS from F. nucleatum, F. necrophorum, B. melaninogenicus, and B. fragilis revealed a variety of particles differing in shape and size, such as doughnut-or disk-shaped particles delimited by a dense line or a triple-layered surface, straight or curved rods with a similar trilaminar structure, and long ribbons (36, 57) . Compared with the LPS isolated from Fusobacterium, suspensions of B. fragilis LPS contained relatively few structured particles, which often were difficult to visualize.
Chemical composition. The Fusobacterium LPS are complexes of polysaccharide and lipid, containing phosphorus and variable, but small, amounts ofpolypeptide (36, 78) . All LPS isolated to date from Fusobacterium species contain glucosamine, heptose, and 2-keto-3-deoxyoctonate (34, 36, 48, 69, 78, 90) . Glucose has been detected in nearly all LPS, and galactose and rhamnose have been detected in some ( Table 2 ). The heptoses in the LPS examined in our laboratory were L-glycero-D-manno-heptose in all preparations and, in addition, D-glycero-D-mannoheptose in some LPS.
The chemical structure ofthe lipid component (lipid A) of F. nucleatum LPS was examined by Hase et al. (43) . The backbone of lipid A consisted of a phosphorylated D-glucosamiIne disaccharide, viz., the type of backbone structure present in Salmonella LPS and in LPS from most other bacterial species (44). The fatty acids found were tetradecanoic, hexadecanoic, 3-hydroxytetradecanoic, and 3-hydroxyhexadecanoic acids.
The polysaccharide part of the F. nucleatum LPS macromolecule can be separated from lipid A by hydrolysis with 1% acetic acid. Recent fractionation studies on the polysaccharide part of LPS from one strain have indicated a polysaccharide core structure of 2-keto-3-deoxyoctonate, L-glycero-D-manno-heptose, glucose, glucosamine, and phosphorus (53) . To this core is attached an oligosaccharide containing L-glycero-D-manno-heptose as a main component and, in addition, glucose, glucosamine, and an unknown amino compound. Different polysaccharide core structures may be present in LPS from other Fusobacterium strains.
These studies have definitely shown that Fusobacterium species have a typical LPS as part of their cell walls. An unusual feature is the presence of heptose in the 0-specific oligosaccharide. Also, the amount of 2-keto-3-deoxyoctonate is unusually low (36, 53, 78) .
As can be expected from the structure of lipid A, the Fusobacterium LPS are potent endotoxins (36, 116, 117) .
The chemical composition of the LPS of L. buccalis is virtually unknown. Heptose and 2-keto-3-deoxyoctonate are present (48, 70) , and the LPS is a powerful endotoxin (41) . Possibly, the L. buccalis LPS has a chemical structure similar to that of LPS isolated from Fusobacterium species.
Preparations of LPS isolated from Bacteroides species by ultracentrifugation of the water phase after extraction of whole bacterial cells with phenol-water contained high amounts of carbohydrate, phosphorus, small amounts of lipid, and some polypeptide (14, 46, 50, 54, 91, 92 Kasper (88) apparently are homogeneous products. Chemical eminations showed that heptose and 2-keto-3-deoxyoctonate were absent in both (66, 89 It emerges from these studies that the chemical structure of the LPS of Bacteroides species is in fact virtually unknown. The few pertinent findings are the absence of heptose, 2-keto-3-deoxyoctonate, and, possibly, 3-hydroxytetradecanoic acid, indicating the presence in Bacteroides of an atypical LPS. This indication is supported by the finding of a weak endotoxic activity (66, 89, 116, 117) .
Immunological properties. The serological activity of LPS isolated from Bacteroidaceae has been examined by indirect hemagglutination and precipitation techniques, using antisera produced in rabbits by immunization with whole microbial cells. Antisera to whole cells have been used because rabbit antisera to purified LPS commonly are low titer (47; unpublished observations). To get mail sensitization of the sheep erythrocytes used in indirect hemagglutination, LPS has to be treated with diluted NaOH.
de Araujo et al. (17) , using hemagglutination inhibition, found a high degree of serological specificity. of LPS isolated from 21 strains of F.
nucleatum. The findings were corroborated by Kristoffersen et al. (80) , who detected four antigenic specificities in LPS prepared from four F. nucleatum strains. One antigenic determinant was common to two of the LPS examined, and another was shared by LPS from three strains.
Immunoprecipitates obtained by mixing LPS containing two different determinants with antibodies specific for one of the determinants harbored both. All serological activity was destroyed by oxidation with periodate. The results of these studies are clear indications of the presence of 0-antigenic specificity in F. nucleatum.
By double diffusion inagar, purified LPS from F. nucleatum producpd two lines ofprecipitation against homologous'antiserum (72, 73).
Type specificity is also present in F. necrophorum LPS (90) . LPS isolated from four strains of B. melaninogenicus contained shared and type-specific antigenic determinants (47) . Using hemagglutination inhibition, Hofstad (50) detected six antigenic specificities in LPS isolated from three strains of B. fragili. Each LPS had its own specificity and antigenic determinants shared with LPS from each of the other two strains. When LPS from two other B. fragilis strains were included, the number of antigenic specificities within the three LPS preparations increased to nine (52) . Some antigenic specificities were shared by a few LPS prepared from strains belonging to other Bacteroides species. All serological activity disappeared after treatment of the LPS preparations with periodate. Multiple lines were obtained when LPS extracted with phenol-water from strains belonging to B. fragilis and other species within the B. fragilis group were examined by double diffusion in agar and immunoelectrophoresis (92) .
Because of the chemical and physical heterogeneity of LPS prepared from Bacteroides, the results of the serological studies are not easily interpreted. A pronounced multispecificity seems to be present. The antigenic determinants disclosed by the hemagglutination inhibition experiments are most likely oligosaccharides. As long as the antigens are part of the cell wall polysaccharide-lipid-protein complex, the designation 0 antigens is justified. Some of the serological activity may, however, originate from other high-molecular-weight polysaccharides extracted together with the LPS.
Capsular or Surface Layer Antigens Encapsulation in B. fragilis was occasionally observed by earlier workers. This finding has been corroborated by Kasper and collaborators (65, 67) and Babb and Cunmins (3) . There is some disagreement concerning the definition of the capsule in B. fragilis. Kasper (65) defined the capsule as an antigenic high-molecularweight (about 0.2 pm thick) polysaccharide material external to the multilayered cell wall which could be made visible in the electron microscope by staining with ruthenium red. This external polysaccharide antigen was found to be species specific for B. fragilis (67 (68) isolated the outer membrane complex ofB. fragilis by gentle treatment of whole cells with ethylenediaminetetraacetate. The cell surface polysaccharide antigen was separated from the other membrane components by chromatography and treatment with sodium deoxycholate and trypsin (65, 68) . The antigen preparation contained approximately 50% hexose, 25% hexosamine, and 5% methylpentose (65) . The antigen was immunogenic in rabbits when mixed with bovine serum albumin. The antibodies were detected in a radioactive antigen-binding assay (65) and in indirect immunofluorescence tests (67) . It is of particular interest that pelvic implants in rats of the isolated antigen mixed with sterile fecal contents produced abscesses (97) . Also, the antigen may play a role for in vivo adherence of B. fragilis (98) .
A similar surface antigen was isolated from two encapsulated strains of B. asaccharolyticus (88) . The isolated material contained mainly galactose and, in addition, glucose and glucosamine. By double diffusion in agar, a single line of precipitation was produced against antiserum to either of the two strains. (76) . By double diffusion in agar or agarose the antigen gave a single line of precipitation with homologous or heterologous antiserum. Identical precipitation lines were produced by all of 29 strains of F. nucleatum (77) . The antigen reacted in complement fixation tests and sensitized sheep cells to agglutination in antisera made against the homologous and heterologous F. nucleatum strains. The antigen was not found in L. buccalis strains.
Other Antigens An intracellular toxic protein was partly purified from a bovine strain of F. necrophorum by Garcia et al. (35) . Microbial cells were disintegrated by ultrasonication, and the toxin was precipitated from the cytoplasmic fraction by ammonium sulfate. The heat-labile toxic component was non-dialyzable and was sedimented by ultracentrifugation at 105,000 x g, indicating that the toxin itself might be either a high-molecular-weight protein or bound to a high-molecular-weight, nontoxic protein. The preparation reacted with homologous rabbit antiserum by precipitation.
Egerton (18) reported the presence in B. nodosus of somatic 0 antigens and a heat-labile cell surface antigen referred to as K antigen. In the presence of antiserum, cells with K antigen exhibited a distinctive agglutination characterized by flocculent granules. Forty-six strains of B. nodosus were divided into three serological types according to their K antigens. The antigen could be removed by washing the bacteria in buffered saline or water. Electron microscopic studies revealed that it was associated with the pili (114, 120 25 to 6,400 and were commonly higher in adult cattle, ewes, and old swine than in calves, lambs, and young swine. A few sera from dogs kept in cages under laboratory conditions, from white rats, and from rabbits also gave positive reactions, but the titers were low.
Bactericidal and agglutinating antibodies to B. nodosus have been found in the sera of normal sheep (20, 23) . The agglutinins showed specificities to the 0 antigen and, less regularly, to the K antigen (21) .
Antibodies in low titers to a mouse strain of Bacteroides were detected in normal mouse serum (32) . Mice were unresponsive to antigenic challenge with the Bacteroides strain, which cross-reacted with homogenates of intestinal tissues of neonatal mice (33) .
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Normal rabbit serum often contains antibodies agglutinating sheep erythrocytes sensitized with L. buccalis LPS (29) .
The results of the above-mentioned studies indicate that humans and animals are exposed to continuous stimulation from antigens derived from members of the Bacteroidaceae normally present on the mucous membranes. That some antibody formation is induced by cross-reacting microbial antigens cannot be excluded, however.
Production of Antibodies in Response to
Infections with Members of the Bacteroidaceae The first report of antibody production in response to anaerobic infection in humans is that of Johan (64), who found complement-binding antibodies in sera of patients suffering from severe suppurative infections caused by F. necrophorum. Antibodies to F. necrophorum were also found in patients with F. necrophorum septicemia (6, 86) and in serum of patients with ulcerative colitis or other ulcerative lesions of the bowel (12, 13) .
In more recent years the production of humoral antibodies to infecting anaerobic organisms has been examined by some authors. Caselitz et al. (8) (122) and Sonnenwirth (112) . The studies, which were carried out by conventional agglutination, precipitation, complement fixation, and hemagglutination techniques, showed no serological relationship between Bacteroides and Fusobacterium. Also, there was a lack of cross-reactions between the B. fragilis group and B. melaninogenicus. Some cross-reactivity was observed between species of the B. fragilis group. The cross-reactions were generally weak as opposed to the stronger reactions in homologous antigen-antibody systems, indicating the presence of strain-or type-specific antigens or antigens which might be species specific.
The serological relationships between species within the B. fragilis group were particularly studied by Beerens and co-workers (4, 108 They observed subspecies, and also strain, specificities with a few sera. Their conclusion was that the indirect fluorescent antibody technique was excellent for identification of B. fragilis but that a number of antibody pools encompassing a wide antigenic coverage had to be worked out. Promising results were also reached by Kasper et al. (67) , using indirect immunofluorescence and antisera with specificity for the cell surface polysaccharide (capsular) antigen.
In 1954 Pulverer (100) reported that B. melaninogenicus strains could be classified into 4 serotypes. Later, 11 serotypes were described (71) . Several B. melaninogenicus serotypes were also reported by Werner and Sebald (124) . Lambe (81) prepared fluorescent antibody reagents that were specific for B. asaccharolyticus, B. melaninogenicus subsp. melaninogenicus, and B. melaninogenicus subsp. intermedius. An additional B. melaninogenicus subsp. intermedius serogroup was described later (83) .
Sharpe (107) (37) showed that an alum-precipitated toxoid from the cytoplasmic fraction of ultrasonically disrupted cells of F. necrophorum was able to reduce the incidence of bovine hepatic abscesses. Also, the alum-precipitated toxoid protected mice from a lethal challenge with F. necrophorum (38) . Abe CONCLUDING REMARKS The importance of the Bacteroidaceae in health and disease has been adequately documented through the last decades. What remains to be studied in more detail is the relationship between the microorganisms and the host. Immunology plays a significant role in this relationship.
The present review has mainly been concerned with antigens isolated from Bacteroidaceae and the antibody response in humans and animals to these antigens and to whole microbial cells. The presence in Bacteroidaceae of cell wall LPS and other cell envelope antigens has been demonstrated, the presence of specific antibodies has also been demonstrated in healthy individuals. A few studies have clearly indicated that infections in humans involving B. fragilis and other anaerobic microorganisms are accompanied by production of antibodies to the infecting bacterial strains. Serology has proved useful in the taxonomy of Bacteroidaceae and, more important, in the laboratory diagnosis of B. fraglis infections.
The antigens isolated and purified from members of the Bacteroidaceae are, however, few in number. The study of the immune response is still in its beginning. More work has to be done regarding immunological methods for detection and identification of the pathogenic species. The Bacteroidaceae represent a challenge not only to bacteriologists and clinicians but also to immunologists and biochemists.
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